From a screening of several Kluyveromyces strains, the yeast Kluyveromyces marxianus CBS 6556 was selected for a study of the parameters relevant to the commercial production of inulinase (EC 3.2.1.7). This yeast exhibited superior properties with respect to growth at elevated temperatures (40 to 45°C), substrate specificity, and inulinase production. In sucrose-limited chemostat cultures growing on mineral medium, the amount of enzyme decreased from 52 U mg of cell dry weight-' at D = 0.1 h-l to 2 U mg of cell dry weight1 l at D = 0.8 h-'. Experiments with nitrogen-limited cultures further confirmed that synthesis of the enzyme is negatively controlled by the residual sugar concentration in the culture. High enzyme activities were observed during growth on nonsugar substrates, indicating that synthesis of the enzyme is a result of a derepression/ repression mechanism. A substantial part of the inulinase produced by K. marxianus was associated with the cell wall. The enzyme could be released from the cell wall via a simple chemical treatment of cells. Results are presented on the effect of cultivation conditions on the distribution of the enzyme. Inulinase was active with sucrose, raffinose, stachyose, and inulin as substrates and exhibited an S/I ratio (relative activities with sucrose and inulin) of 15 under standard assay conditions. The enzyme activity decreased with increasing chain length of the substrate.
Representatives of the genus Kluyveromyces are well known for their ability to grow on fructans such as inulin. Inulin is a storage polysaccharide of plant origin and consists of a linear chain of P(2,1)-linked D-fructofuranose molecules terminated at the reducing end by a D-glucose residue. In yeasts, the enzyme responsible for the degradation of inulin is a nonspecific ,B-fructosidase (inulinase:2,1-D-fructanfructanohydrolase; EC 3.2.1.7) that liberates fructose molecules from sugars with P(2,1)-linked fructose units at the terminal, nonreducing end (6, 19) . In spite of similarity in enzyme action and correspondence in affinity for sucrose, yeast inulinase is distinguished from another well-known r-fructosidase, invertase (,B-D-fructofuranoside fructohydrolase; EC 3.2.1. 26 ). The latter enzyme shows a low activity with higher-molecular-weight substrates such as inulin. The socalled S/I ratio (relative activities with sucrose and inulin) is now commonly used to discriminate between inulinase and invertase (24) . This parameter, however, is strongly dependent upon the method used to determine enzyme activities (18, 26) .
The inulinase of yeasts is an extracellular enzyme partially associated with the cell wall and partially excreted into the culture fluid. Regulation of inulinase synthesis in yeasts has been studied in batch and continuous cultures, mainly with complex media (1, 9, 16, 18) . From these studies, it was concluded that the enzyme is inducible and subject to catabolite repression. Highest enzyme production so far was obtained with constitutive, derepressed mutants of Kluyveromyces fragilis in chemostat cultures (9, 11) .
In our studies on the optimization of inulinase production by yeasts, Kluyveromyces marxianus CBS 6556 was found to exhibit many properties which compare favorably with those reported for other Kluyveromyces strains. These include fast growth on a wide range of substrates at tempera-* Corresponding author.
tures above 40°C and high enzyme productivity. We present the results of a continuous-culture study on inulinase production by this strain. MATERIALS (ii) Cell wall enzyme. The liberation of cell wall-associated enzyme was induced by suspension of the cells in 10 lected for further studies in view of its rapid growth at elevated temperatures on inulin and other sugars. Growth rates of this strain in shake-flask cultures are summarized in Table 1 . Except for ethanol, the optimal growth temperature was in the range of 37 to 42°C. Growth in a mineral medium supplemented with pantothenic acid and nicotinic acid was almost as fast as in complex medium. The growth rates of the organism on sugars are the highest reported so far for yeasts.
The response of the organism towards pH was tested in glucose-limited chemostat cultures at a dilution rate of 0.15 h-'. Stable steady states could be obtained between pH 2.6 and 7.5. At the extreme pH values, however, uncoupling of growth and sugar utilization occurred (Fig. 1) .
In view of the above results, cultivation was routinely performed at pH 4.5 and 40°C. A mineral medium rather than yeast extract as a source of minerals and vitamins (9, 24) was chosen since this allowed the study of effects of various growth limitations. Moreover, the use of mineral media allows cultivation at high cell densities as required in a commercial process since complex media lead to excessive foaming. tol (enzyme release buffer). The enzyme appeared to be completely stable under these conditions. Prolonged incubation of cells in enzyme release buffer for more than 1 h did not increase the amount of enzyme released. Incubation of cells in a 50 mM potassium phosphate buffer, pH 7, or in a 100 mM sodium acetate buffer, pH 4.5, released 40 to 70% and 30 to 40%, respectively, of the cell wall enzyme within 1 h. These amounts increased during prolonged incubation periods. For this reason, washing of cells before incubation in the enzyme release buffer was omitted. Buffer solutions with other sulfhydryl compounds such as cysteine (13) yielded 60 to 80% of the amount of solubilized enzyme released by the combined activity of 2-mercaptoethanol and dithiothreitol. The release of cell wall enzyme resulted in an inulinase preparation of considerable purity. It has been reported that a purified inulinase preparation of K. fragilis that yielded one band on isoelectric focusing had a specific activity of 2,552 U mg of protein-' (25) . Cell wall enzyme obtained from our cultures grown on sucrose at D = 0.2 h-1 (29 U mg of cell dry weight-1) had an activity of 1,739 U mg of protein-1, whereas the enzyme excreted into the culture fluid had a specific activity of 1,310 U mg of protein-'. The activity of inulinase that remained cell bound after incubation in enzyme release buffer could be solubilized by sonication. The specific activity of the enzyme in this fraction was relatively low, 40 U mg of protein-'.
Production and distribution of inulinase of K. marxianus in continuous cultures. In carbon-and energy-limited continuous cultures of K. marxianus CBS 6556, the highest inulinase yields were obtained with either sucrose or inulin as the limiting substrate (Table 2) . Fructose, which is believed to be the primary inducer of inulinase (9) , gave an enzyme production half of that observed with sucrose. Growth on glucose or lactose gave very low yields of inulinase. However, considerable amounts of enzyme were produced during growth on the nonfermentable substrate glycerol or ethanol ( Table 2) .
The levels of inulinase in sucrose-limited chemostat cultures were strongly dependent on the dilution rate. The enzyme levels (sum of cell-bound enzyme, cell wall enzyme, and supernatant enzyme) decreased from a maximum of 52 U mg of cell dry weight-' at D = 0.1 h-1 to 2 U mg of cell dry weight-' at D = 0.8 h-1 (Fig. 2) . (Table 3) .
So far, no studies have been published on the synthesis of inulinase by yeasts growing in chemostat cultures on mineral media. GrootWassink and co-workers (8, 9, 11, 13) used a complex medium for chemostat cultivation of K. fragilis.
The medium was composed of yeast extract and a sugar in a 1:2 ratio. Growth of K. marxianus CBS 6556 at a low dilution rate on this medium was, however, not carbon limited as indicated by the residual sugar concentration (Table 3) . Probably this culture was nitrogen limited because Table 3 are an underestimation of the real concentrations, as a consequence of sugar consumption during sample processing. Nevertheless, the data clearly show that the inulinase activity of cultures is negatively correlated with the residual sugar concentration in both mineral and complex media. The results also demonstrate that enzyme production in complex medium is inferior to that in mineral media due to unnoticed limitation even at low yeast extract/sucrose ratios. The distribution of enzyme activity among supernatant, cell wall, and cell-bound fractions was dependent on the nature of the growth-limiting carbon substrate. Especially the cell-bound enzyme was present at very low levels when lactose or glucose was used as carbon source (Table 2) . Fructose, glycerol, and ethanol gave roughly the same distribution as sucrose and inulin. The distribution of inulinase activity among the fractions was determined at various dilution rates (Fig. 3) . Although the amounts of enzyme detected in the supernatant and in the cell wall showed a rather broad variation, the overall picture was that the relative amount of supernatant enzyme remained constant at about 50%. The amount of cell wall enzyme exhibited a slight increase with increasing growth rates up to a dilution rate of 0.6 h-<. The increase in the amount of cell wall enzyme was parallelled by a decrease in the amount of cell-bound enzyme. The cell-bound fraction became nil above a dilution rate of about 0.6 h-1. In contrast to carbon-limited growth on a mineral medium, growth under nitrogen limitation or growth on a complex medium resulted in relatively higher inulinase levels (60 to 80%) in the supernatant and lower levels (6 to 9% of total inulinase activity) in the cell-bound fraction.
The ratio of the activities of the enzyme with sucrose and inulin, determined with 2% substrate solutions at pH 4.5 and 50°C, was 15 ± 3 irrespective of the growth substrate, growth rate, or medium composition.
Effect of temperature and pH on activity and distribution of inulinase. Both production and distribution of the inulinase of K. marxianius were affected by the growth temperature. The highest enzyme production was encountered at temperatures between 37 and 42°C (Table 4) . Apparently, the temperature range of optimal enzyme production corresponded to the optimal temperature of growth of K. marxianius CBS 6556. The enzyme location also varied with the growth temperature. Temperatures below the optimal temperature range of growth and inulinase production gave rise to a larger fraction of enzyme present in the supernatant and a concomitant reduction in the amount of cell wall enzyme ( Table 4 ). The reverse was found at temperatures higher than the optimal growth temperature.
Since a rise in buffer pH stimulated the release of inulinase from the cell wall, it was anticipated that cultivation of the organism at higher pH values would similarly increase the relative amount of enzyme excreted into the culture fluid. sucrose at a dilution rate of 0.1 h-1 and pH 6.7, t inulinase activity decreased to approximately half th, 4.5. Surprisingly, however, the distribution of the among the various fractions was the same during gr pH 6.7 and 4.5.
Effect of temperature and pH on enzyme activi activities of inulinase with sucrose and inulin were t different temperatures, using a 2% (wt/vol) substra tion in 0.1 M sodium acetate buffer, pH 4.5. Irrespe enzyme location or the dilution rate at which the ce grown, the inulinase showed different temperature with sucrose (70°C) and inulin (50°C) (Fig. 4) The effect of pH on the activity of inulinase was tested in standard assay conditions. Irrespective of its origin (cell bound, cell wall, or supernatant), it exhibited a lower pH 1.4 optimum with sucrose than with inulin as a substrate (Fig. 5) . The S/I ratio was dependent on the pH of the assay. The ratio decreased with increasing pH up to 6.5 and again increased at higher pH values. The pH activity profiles were 1.2~independent of enzyme location or growth rate of the cells.
3: Kinetic constants of inulinase. Substrates hydrolyzed by yeast 1-fructosidases include the oligosaccharides raffinose 1.0 X and stachyose, with chain lengths of three and four sugar moieties, respectively (18) . Hydrolysis of sucrose, raffinose, and stachyose followed Michaelis-Menten kinetics. Values 08 for the apparent affinity constant (Kin') and maximal velocity (V') with these oligosaccharides (Table 5) were calculated from plots by the method of Hanes (10) . With the chicory 0.6 inulin preparation (mean chain length, 31 fructose units), however, a separate estimation of Kin' and V' is impossible since a linear relation between the enzyme activity and the (17, 18) and continuous (8, 9) cultures, it was concluded that the enzyme is regulated by induction and repression. However, in various cases high enzyme levels were encountered in the absence of inducer (Table 6) . Results from batch cultures (Table 6) should be interpreted cautiously, since in these cultures enzyme levels depend on the time of harvesting and thus are subject to large variations.
Use of chemostat cultivation permits a more precise analysis of the regulation of inulinase synthesis, provided that defined media are used and the limiting nutrient is known. Inulinase production by K. marxianlus CBS 6556 decreased with increasing dilution rate (Fig. 2) . The same relationship between dilution rate and inulinase production was reported for K. fragilis ATCC 12424, a yeast now classified as K. marxianus var marxianus. This was, however, determined in complex medium over a very small (Fig. 3) . Carbon-limited growth on glucose or lactose or nitrogen-limited growth (in both mineral and complex media) with sucrose resulted in high percentages of inulinase present in the culture supernatant and low amounts of cell wall and cell-bound enzyme ( Table 2) . Retention of inulinase in the cell wall thus seems to be less pronounced when cells are grown under conditions that result in a low level of enzyme. It remains to be elucidated whether this is a consequence of differences in cell wall composition or differences in enzyme structure.
As yet it is not clear whether the cell-bound enzyme represents a tightly bound enzyme located outside the cytoplasmic membrane or, comparable to the invertase of Saccharomyces spp. (14) , an intracellular enzyme. In this respect it is relevant to mention the findings of Esmon et al. (5) and Tammi et al. (21) on the multimeric structure and excretion of invertase in Saccharomyces spp. These authors demonstrated that invertase is an octameric complex of four invertase dimers throughout the secretory process and that this complex appears to play a role in the retention of invertase within the cell wall. Both invertase released into the culture fluid and the fraction of cell wall invertase that can be released after treatment of the cells with sulfhydryl compounds are composed of invertase dimers with the same kinetic properties as the octamer. Conversion of octamer to dimer is promoted by several treatments (e.g., sonication) but not by treatment with 2-mercaptoethanol. Even when intact cells are treated with 2-mercaptoethanol, the octamer is preferentially retained in the cell wall and release requires cell wall disruption (21) . It is thus possible that the distribution of inulinase in K. marxianus, like that of invertase in Saccharomyces spp., may depend on the subunit composition of the enzyme.
Kinetic properties of inulinase. In standard assay conditions, the S/I ratio of the P-fructosidase of K. marxianus CBS 6556 was 15, which would make it a true inulinase (24) . Temperature and pH optima ( Fig. 4 and 5) differed with sucrose or inulin as substrate. This phenomenon has also been observed for ,-fructosidases from other Kluyi'eromyces strains (18, 25) and from other yeasts (1). As a consequence, S/I ratios cannot be compared without prior knowledge of the dependence of enzyme activity on pH and temperature. Moreover, the value of the S/I ratio is influenced by the substrate concentration and by the origin of the inulin preparation used. Contrary to bacteria and molds, all yeast 1-fructosidases show a restricted mode of action. They all remove fructose moieties exowise, and all have the capability of hydrolyzing both sucrose and inulin (6) . The question remains as to whether differences in values such as S/I ratios and apparent kinetic constants for substrates with undefined molecular weights provide sufficient evidence for the classification of yeast 3-fructosidases into two different enzymes: inulinase and invertase.
